Abstract
Methane (CH 4 ) is a powerful greenhouse gas, whose concentrations in the atmosphere increased about 2.5 3 times since the pre-industrial era (1750), approaching 1.9 ppm in 2018. With a global emission of about 558
Classification of the geological CH 4 sources

23
Geological CH 4 sources can be classified into four major categories:
24
(a) Onshore hydrocarbon seeps (or macro-seeps) in sedimentary (petroliferous) basins including CH 4 -rich 25 gas-oil seeps, mud volcanoes (MV) and gas-bearing springs. Hereafter referred as OS.
26
(b) Submarine (offshore) seeps, where CH 4 released from shallow seafloor (coastal areas or shelves, 27 generally up to 300-400 m below sea level) can cross the water column and enter the atmosphere. Hereafter 28 referred as SS. Deep-sea seeps that are unlikely responsible for methane emission into the atmosphere are 29 not considered. 
11
the parameters used to define the "activity" (spatial distribution), the "emission factors" (fluxes), and the 12 attribution of the isotopic CH 4 values. The list and web links of the sources of databases are reported in the 13 Supplement (S6).
15
Gridding procedure
16
The gridding procedure is the same for each geo-CH 4 source category. Geo-CH 4 emission and isotope 
25
In the CH 4 output files:
26
-zero (0) value is used for:
27
-all offshore cells of the onshore seepage shape files (OS, MS and GM) 28 -all onshore cells of the offshore seepage (SS).
29
-all onshore cells outside the potential MS area
30
-onshore cells without OS or GM sources
-offshore cells outside the SS areas
32
-the number -9999 is used for:
33
-cells within SS areas where emissions are unknown.
34
The categories OS, MS and GM, due to the method of emission derivation (see related sections below) have
35
always an emission value.
36
In the isotope files:
37
-an isotopic value is reported in each cell that has a flux value; theoretical values also take into account the gas emission from the invisible miniseepage, the diffuse 11 degassing from the ground surrounding the macro-seep craters and vents (see definitions in Etiope, 2015),
12
and which adds an amount of gas that may be three times higher than that released from the macro-seep 13 (Etiope, 2015) . This resulted in the attribution of the values reported in Table S1 in the Supplement. These 14 values should be considered as first-order estimates and care should be taken when using individual seep 15 flux estimates from this product to derive global emission estimates, as discussed in section 4.5.
17
Emission of mud volcanoes (MV)
18
For MV, emission values refer to the continuous quiescent degassing, i.e. they do not include emissions 
28
The MV emissions were then assessed using an updated dataset of fluxes measured from 16 MV in
29
Azerbaijan, Romania, Italy, Taiwan, China and Japan (Table S2 in Supplement), distinguishing between the 30 macro-seepage (the focused emission from craters and vents) and miniseepage. Regression analysis 31 between MV area, miniseepage and macro-seep flux of these measured MV was used to derive 32 miniseepage and macro-seep flux (and thus the total CH 4 emission) for each MV of the inventory, whose 33 area was determined as previously indicated. The procedure is described in detail in the Supplement
34
(Section S1.1)
36
The "big emitters"
tonnes CH 4 yr -1 individually), and they can be considered "big emitters". They typically refer to large, very active and frequently erupting MVs so their emission is estimated based on emission factor and area 1 approach described in the previous section. The 76 big emitters likely dominate the spatial distribution of 2 CH 4 emissions (they represent 63% of the total OS emission) and the weighted global mean isotopic value.
3
As shown in Fig. 3 
11
-of similar seeps occurring in the same basin (when these data are available)
12
-of reservoir gas in the same petroleum field, from Sherwood et al. (2017) dataset or literature
13
-suggested by local petroleum geology (existence of microbial gas, thermogenic gas, oil), when the 14 previous procedures cannot be applied.
15
The OS emission-weighted value (Section 4.5.2) was used for gridding where the isotopic value could not be 16 assessed. The global distribution of three classes of δ 13 C-CH 4 value is shown in Fig. S4 in the Supplement.
18 19
OS gridding
20
The OS shapefile generated in ArcGIS was spatially joined to the 1°x1° vector square grid. OS occur in 616 21 cells, for a total emission of 3.9 Tg yr -1 (Fig. 4) . This is about 0. 
10
The SS grid dataset was generated digitizing polygons of the SS areas from literature maps (see references
11
in Table S4 ). 
14
in Table S4 ). The SS layer was joined with the 1°x1° vector grid and the resulting map is shown in Fig. 6 . 
18
The sum of CH 4 emissions from the 15 SS areas in Table S4 (which refer to published estimates) is ~3. reach). Evaluation of the SS emission factor (based on the reported area and total fluxes in Table S4 ) is also 27 difficult because the areas indicated in the several works (see References in Table S4 ) often refer to the 28 surveyed area and not to the actual area of seepage; in these cases, using the surveyed area would result 29 in a strongly underestimated emission factor. However, using the relationship observed for the 15
30
"investigated" sites between area (actual seepage or surveyed) and emission factor, the other 16 sites would 31 yield total emissions of about 1 Tg yr -1 . This would bring the total CH 4 emission from the 15+16 sites of 
25
(faulted) areas of gas-oil fields (Etiope and Klusman, 2010; Tang et al. 2017) . The existence of macro-seeps
26
(OS) in a given region also implies a high probability that MS exists in that region, even if that region falls 27 outside a known petroleum field. Therefore, as a proxy of the activity (spatial distribution) of MS, we 28 considered the global area of petroleum fields and a global area including OS defined as described below.
29
This criterion is conservative as MS may also occur in sedimentary basins without known petroleum fields
30
and OS (Klusman et al. 2000; Etiope and Klusman, 2010 
18
This is well known, as CH 4 flux from the ground, in addition to underground rock permeability and fluid
19
pressures, depends also on soil conditions (humidity, porosity, temperature) and methanotrophic activity. 
26
Values exceeding 1000 mg m -2 d -1 (up to 7078) were excluded as they represent special and rare cases of 27 MS (often not distinguishable from miniseepage, which is the halo surrounding macro-seeps).
28
The combined analysis of NPP and frequency histogram ( 
21
(b) The epicenters of earthquakes are proxies of fault location and activity (permeability), so they also represent the presence of active faults, which may not be reported in the fault dataset. It is also known that 23 gas migration and escape to the surface may increase with seismic activity. We used the seismicity dataset 
28
(c) Presence of macro-seeps (OS). The OS area is described in the Supplement (Section S3.2).
30
The three factors, faults, seismicity and presence of seeps, were applied on the gridded EMA as described 31 
3
Therefore, in some cells the real isotopic value could be lighter than that used in the grid maps.
4
Accordingly we adopted the following procedure:
5
-when one or more seeps (OS) occur in a petroleum field (in the Petrodata list), the average δ 13 C-CH 4 of 6 those seeps was used for MS;
7
-in absence of seeps, reservoir δ 13 C-CH 4 data were used; they were taken from the inventory described by 
11
The file contains 349 δ 13 C-CH 4 data points (from 891 petroleum fields). It was not possible to estimate a 12 specific δ 13 C value for the remaining 542 petroleum fields. In these cases, the global emission-weighted
13
isotopic value was used in the resulting empty cells, as described in Section 6.4. 14 15 16
MS gridding
ArcGIS software (the software cannot handle shapefiles > 2 Gbyte). The high-resolution gridding was used
20
to match, as much as possible, the PFA: gridded PFA is in fact 14,791,897 km 2 , while the original PFA was 21 13,033,750 km 2 . The high-resolution gridding also served to reduce the boundary effect, and thus the overestimation of the areas with MS enhancing factors, i.e. faults, earthquake and seeps (the larger the 23 cells, the higher the probability that the cells include MS enhancing factors).
24
As discussed in Section 6. 
28
Combining PFA and OSA results in EMA (Table S6 ). The sequence of MS modelling is summarized in the 
32
Level 1 was applied to cells without any geological factor.
33
Level 2 was applied to cells with faults or earthquakes
34
Level 3 was applied to cells with faults plus earthquakes or oil-seeps or gas-bearing springs
35
Level 4 is applied to cells with gas-seeps or mud volcanoes. areas. In order to convert the point data into more realistic areal data (polygons), an arbitrary buffer area of 4 10 km of radius was created for each GM point (the buffer area does not influence the overall emission 11 estimate, being only a parameter guiding the gridding). It is important to outline that this inventory reports the
12
"zones" of volcanic/geothermal sites, and does not list individual manifestations: for example, the numerous 13 geothermal manifestations in Central Italy are cumulatively included in a few lines, e.g., "Vulsini complex",
14
"Sabatini complex" and "Vulture". Therefore each emission value, attributed as explained in Section 7.2,
15
represents a "regional" GM emission.
16 17 18
Attribution of CH 4 emission levels
assuming an emission factor (from the limited flux dataset) it cannot be translated into emission for each GM
23
site. In this work, theoretical numbers were adopted considering 3 classes of "regional" emissions: 500, 24 5000, 10,000 tonnes yr -1 , as central values of the ranges 100-1000, 1000-10,000 and 5000-15,000 tonnes 25 yr -1 , respectively. These ranges were derived from emission factors ranging from 1 to 150 tonnes km -2 yr 
32
The emission level was attributed based on:
33
(a) the location of the geothermal site, which may be within or outside a sedimentary basin (Fig. S13) ,
34
(b) the concentration of CH 4 measured in the geothermal fluids, within and outside a sedimentary basin.
35
The amount of methane in a geothermal-volcano area depends, in fact, on the presence of sediments rich in 36 organic matter, which may be source of thermogenic gas in addition to the geothermal abiotic gas. 
GM gridding
20
The GM shapefile generated in ArcGIS environment was spatially joined to the 1°x1° vector square grid. The result is reported in Table S9 and mapped in Fig. 8 The global geo-CH 4 emission distribution, obtained merging OS, SS, MS and GM grids, is shown in Fig. 9 .
8
The total gridded CH 4 emission is 37.4 Tg yr -1 ( 
20
-incomplete OS dataset (it represents only 30% of global number of seeps assumed to exist on Earth)
21
-lower estimate of the global MV area (680 km 2 instead of 2800 km 2 assumed in previous works)
-incomplete SS flux dataset (flux data missing from at least 16 areas with known gas emissions).
23
The gridded emissions may represent an updated assessment of the global emissions only for MS and MVs
24
(part of OS), because the gridding implied a careful assessment of the spatial distribution and emission
25
factors for these types of geo-sources. 
30
Based on the emission-weighted δ 13 C value for each category of emission (using the respective emissions 31 from 
29
(i) All current-day bottom-up and top-down geo-CH 4 emission estimates are biased high.
30
(ii) The Petrenko et al. (2017) 
26
As a result, the gridded CH 4 emission estimate (3. Global weighted average (based on gridded emissions, 2 nd column in Table 3) -48.5
Global weighted average (based on globally extrapolated gridded emissions, 3
rd column in Table 3) -49.4
Global weighted average (based on published emissions, 4 th column in Table 3) -49.8 Table S4 1 2 Fig. 6 Gridded map of SS methane emissions. This map refers to the csv file "SS_output"_2018. 
14
3
This map refers to the csv file "Total geoCH4_ output_2018". 
11
"Weighted" (grey) refers to OS and MS sites where the weighted δ 13 C value (Table 4) is used replacing -9999.
12
This map refers to the csv file "Total geoCH4_13C_2018". 
